Gamma-frequency oscillations (30-120 Hz) can be separated into fast (>60 Hz) and slow oscillations, 12 with different roles in neuronal encoding and information transfer. While synaptic inhibition is 13 important for synchronization across the gamma-frequency range, the role of distinct interneuronal 14 subtypes in fast and slow gamma states remains unclear. Here, we used optogenetics to examine 15 the involvement of parvalbumin (PV+) and somatostatin (SST+) expressing interneurons in gamma 16 oscillations in the mouse hippocampal CA3 ex vivo. Disrupting either PV+ or STT+ interneuron 17 activity, via either photo-inhibition or photo-excitation, led to a decrease in the power of 18 cholinergically-induced slow gamma oscillations. Furthermore, photo-excitation of SST+ 19 interneurons induced fast gamma oscillations, which depended on both synaptic excitation and 20 inhibition. Our findings support a critical role for both PV+ and SST+ interneurons in slow 21 hippocampal gamma oscillations, and further suggest that STT+ interneurons are capable of 22 switching the network between slow and fast gamma states. 23 24 25 26 2
from CA3 stratum pyramidale illustrating effect of PV+ interneuron photo-inhibition (LED, 530 nm, approx. 4.25 mW) on gamma oscillations induced by the application of 5 μM Cch. c) Representative power spectra before (black) and during (green) LED illumination (arrows indicate power spectrum peaks). d) Power area in the 20 -100 Hz band normalised to baseline (Pre (Off)) during (On) and after LED stimulation (Off (Post)) (n = 35). e) Peak frequency for experiments when the oscillation was not abolished (n = 31/35). f) Power area change versus peak frequency difference recorded between stimulation and baseline periods. g) Stronger photoinhibition was achieved using high power laser illumination (approx. 18.6 mW). Top: Change in power area normalised to baseline. Bottom: Peak frequency of the oscillation calculated in 1 second bins across experiments (n = 14). h) Mean change in power area normalised to baseline (n = 14). i) Mean peak frequency for trials when the oscillation was not abolished (n = 13). *p < 0.05, **p < 0.01, ***p < 0.001, n.s. p >= 0.05. Changes in peak frequency were analysed using rmANOVA, followed by post-hoc paired t-tests with correction for multiple comparisons. Solid brackets represent paired t-tests and standalone star symbols represent onesample t-test versus normalised baseline. Grey lines represent single experiments. Error bars and shaded area are SEM and coloured line the population mean.
immediate period following SST+ interneuron photoinhibition (0.76 +/-0.039 of baseline period, t = 141 -6.26745, p < 0.001 , one sample t-test; Fig. 1d ). This post-light suppression was reversed from trial 142 to trial (F(4, 164) = 2046, p = 0.048, rmANOVA; all paired t-tests t > 2.81, p > 0.07). In addition, light 143 stimulation significantly modulated oscillation frequency (F(1.25, 39.97) = 22.60, p < 0.001, 144 rmANOVA), with an increase in frequency from 37.79 +/-1.083 Hz to 43.00 +/-1.466 Hz during light 145 stimulation (t = 4.74, p < 0.01, paired t-test), which reversed following light offset ( Fig. 2e ). 146 Stronger laser illumination in the first half of the stimulation period (532 nm, approx. 18 mW for 20 147 s) had similar effects as the LED experiment. Specifically, the power of Cch gamma oscillations 148 decreased (0.70 +/-0.064 of baseline, t = 4.76, p < 0.01, one-sample t-test), and the peak frequency 149 increased (34.22 +/-1.191 Hz to 38.60 +/-1.868 Hz, t = 3.93, p = 0.017, paired t-test; rmANOVA, 150 F(1.36, 13.63) = 5.47, p = 0.027; Fig. 2g-i) . During the second half of the stimulation period, gamma 151 power was strongly suppressed (0.35 +/-0.090 of baseline, t = 7.23, p < 0.01, one sample t-test; Fig.   152 10 2g-h), often resulting in oscillation collapse (7/13 slices). This could indicate that silencing SST+ 153 interneurons is sufficient to disrupt the hippocampal network during gamma oscillations and that 154 SST+ interneuron activity is necessary for proper maintenance of Cch-induced oscillations in the CA3 155 area of the hippocampus. Moreover, the frequency of the Cch-gamma oscillations remains 156 upregulated for the whole duration of laser illumination when the oscillations do not collapse ( Fig.  11 Figure 2: Sustained photo-inhibition of SST+ interneurons suppresses gamma power and increases frequency. a) Confocal image of ventral hippocampus slice from SST-cre mice with eYFP-Arch3 expression. CA3 = Cornu Ammonis 3, DG = Dentate Gyrus, Pyr. = stratum Pyramidale, Rad. = stratum Radiatum, Or. = Stratum Oriens. Scale bar = 200 μm. b) Representative LFP recordings from CA3 area illustrating effect of SST+ interneuron photo-inhibition (LED, 530 nm, approx. 4.25 mW) on gamma oscillations along with c) its respective power spectrum (arrows indicate power spectrum peaks). d) Power area in the 20 -100 Hz band normalised to baseline (Pre (Off)) during (On) and after LED stimulation (Post (Off)) (n = 44). e) Peak frequency for experiments when the oscillation was not abolished (n = 33/44). f) Power area change against peak frequency difference between stimulation and baseline periods. g) Top: Change in power-area normalised to baseline and Bottom: Peak frequency of the oscillation calculated in 1 second bins across experiments with high-power laser stimulation (approx. 18.6 mW; n = 17). h) Average power change normalised to baseline (n = 17). i) Average peak frequency (n = 11/17). *p < 0.05, **p < 0.01, ***p < 0.001, n.s. p >= 0.05. Changes in peak frequency were analysed using rmANOVA, followed by post-hoc paired t-tests with correction for multiple comparisons. Solid brackets represent paired t-tests and standalone star symbols represent one-sample t-test versus normalised baseline. Grey lines represent single experiments, error bars and shaded area are SEM and coloured line the population average. Figure 2 : a-b) Validation of functional opsin expression in SST+ interneurons. a) Current clamp recording of an SST+ cell from CA3 area in response to steps of depolarising and hyperpolarising current injections. b) Potent hyperpolarisation of four SST+ interneurons during green light illumination (1.45 mW). c-d) Effects of laser power on network activity. c) Power change between the last half of laser stimulation to baseline against approximate light intensity (n = 17). Coloured line represents the average and shaded area the SEM. d) Average peak frequency for half-maximal response of SST+ interneuron photo-inhibition (light intensity for each experiment that changed power-area by half of the maximum response). rmANOVA, F(3, 48) = 19.27, p < 0.001; ***p < 0.001, rmANOVA followed by post-hoc paired t-test for multiple comparisons. Solid brackets represent paired t-tests. and dendritic inhibition 165 The experiments using photo-inhibition indicate that the generation of gamma oscillations in 166 hippocampal area CA3 involves the endogenous recruitment of both PV+ and SST+ interneurons. In 167 order to test whether the activation of PV+ or SST+ interneurons is sufficient to synchronise the 168 hippocampal network at gamma frequencies, we next examined cell type-specific photo-stimulation Supplementary Fig. 3ai ). In the remaining 4 out of 18 experiments 174 the ongoing oscillations were not entrained ( Fig. 3f ; Supplementary Fig. 3aiii ). This effect was likely 175 observed due to low ChR2 expression, as pulses with longer width (5 ms) entrained the oscillation 176 in the same experiments ( Supplementary Fig. 3b -c). Thus, PV+ interneurons are sufficient to 177 synchronise the hippocampal network at gamma frequencies. 178 Rhythmic photo-stimulation of SST+ interneurons reliably entrained ongoing oscillations in 19 out 179 of 22 experiments (>2mW; n = 13 at 5.5 mW, n = 9 at 2.2 mW -merged due to similar effects; Fig.   180 3d, g). In the remaining 3 out of 22 oscillations were abolished during 40 Hz photo-stimulation. 181 These results indicate that transient activation of SST+ dendrite-targeting interneurons is also 182 sufficient to synchronise the hippocampal network at gamma frequencies. Activation of PV+ and 183 SST+ interneurons produced opposite deflections in the pulse-locked waveform of the LFP recorded 184 in the stratum pyramidale ( Fig. 3c-e ), as might be expected from the somatodendritic profile of their 185 axon terminations. However, activation of SST+ interneurons was sometimes accompanied by an 186 initial fast negative component ( Fig. 3e ), which was reminiscent of a population spike arising from 187 14 the synchronised firing of excitatory cells in the hippocampus (Andersen, Bliss & Skrede, 1971; 188 Wierenga & Wadman, 2003), despite the sparsity of SST+ axons in this layer. 189 To study the SST+ induced waveform in isolation, we repeated the same experiment in quiescent 190 slices, perfused only with aCSF. Blue light pulses (1 ms width) at 40 Hz induced strong pulse-locked 191 field responses with fast-negative deflections, which were resistant to glutamate receptor blockers 192 ( Supplementary Fig. 3d-f ), but were followed by a glutamate receptor-mediated positive deflection. 193 The fast-negative deflections did not appear to reflect fast GABAergic transmission, as application 194 of GABAA receptor (GABAAR) blockers lead to light-induced epileptiform bursts (n = 4; 195 Supplementary Fig. 3g ). These results suggest that SST+ interneuron photo-activation generates 196 network excitation, that is not mediated through GABAARs, at the onset of light illumination. We did Figure 3 : a-c) Responses to pulse stimulation in slices with Cch-induced gamma oscillations from PV-ChR2 mice. a) Extracted waveforms following two consecutive pulses at 40 Hz (1 ms) from one experiment showing i) strong entrainment, ii) entrainment of half of the cycles and inhibition of the other half, and iii) no entrainment. Coloured lines represent a subset of extracted waveforms. b) Average waveform following two consecutive pulses at 40 Hz with pulse widths of 5 ms (n = 13/13). Black line is the population average, grey lines represent individual experiments and dark-grey/error bars shaded area is the SEM. c) Peak frequency of oscillation before (Pre (Off)), during (On) and after (Post (Off)) light stimulation at 40 Hz with pulse widths 5 ms (n = 13/13). Note that the slices with 20 Hz induction were not tested with 5 ms pulse width. d-g) Responses to pulse stimulation in slices from SST-ChR2 mice without cholinergic activation (aCSF). d) Representative LFP recording from CA3 area illustrating field responses during 40 Hz light pulses in the absence of Cch (1ms pulse width-5.5 mW). e) Average waveform obtained with 1 ms pulse width at 40 Hz from one experiment before (black line) and after application of 20 μM CNQX and 40 μM AP5. In one experiment only 20 μM CNQX was applied but exhibited the same effect. f) The magnitude of negative and positive peaks before and after iGluR blocker application (n = 4). iGluR blockers used: 20 μM CNQX, 40 μM AP5, n = 3; 20 μM CNQX, n = 1. Positive peak before (MaxC) and after drug (MaxD) application (t = 3.49, p = 0.03, paired t-test). Negative peak before (MinC) and after drug (MinD) application (t = -0.61, p = 0.58, paired t-test). *p <0.05, n.s. p >= 0.05. g) Induction of epileptiform bursts during photo-stimulation of SST+ interneurons following GABAAR blockage (n = 2 at 20 μM bicuculine (bic), n = 2 at 10 μM gabzine (gbz)).
Supplementary
oscillations 209 We used two patterns of sustained activation, light steps and fully-modulation sine waves at 8 Hz, 210 and tested these in slices from PV-ChR2 mice. In a subset of light step experiments, we recorded 211 ongoing gamma oscillations in the LFP whilst tonically driving PV+ interneurons at increasing 212 strengths across trials (by changing the levels of blue light illumination, 10 -5500 μW). The change 213 in power between baseline and light activation period was measured at each light intensity level. 214 We then obtained the response level at which the power changed by half of the maximum for each : Sustained photo-excitation of PV+ interneurons decreases the power and increases the frequency of Cch-induced gamma oscillations. a) Representative LFP recordings from CA3 area illustrating effect of PV+ interneurons photo-excitation (155 μW) on gamma oscillations along with b) its respective power spectrum (arrows indicate power spectrum peaks). c) Power-area normalised to baseline and d) peak frequency of the oscillation calculated in 0.5 second bins across experiments (n = 12). e) Average change in power-area during (On) and after light stimulation (Post (Off)) normalised to baseline (Pre (Off)). f) Average peak frequency; rmANOVA: F(1.14, 12.50) = 44.14, p < 0.001. g) Power-area change and h) frequency difference between light stimulation period and baseline plotted against light intensity (n = 12). i) Top: Representative LFP recording from CA3 area illustrating the collapse of Cch-induced oscillations in response to strong and sustained blue light illumination (5.5 mW). Bottom: Magnitude component of the wavelet transform normalised by its maximum value. j) Average change in power-area upon strong and sustained blue light illumination (n total = 23 >2mW: n = 14 at 5.5 mW and n = 9 at 2.2 mW). Changes in peak frequency were analysed using rmANOVA, followed Fig. 6a, c) . Isolating the CA3 area from DG did not prevent the generation of de novo 284 oscillations (n = 3 slices). 285 Furthermore, sinusoidal light activation at 8 Hz (theta photo-activation) also induced robust 286 oscillations with higher peak frequency than the tonic activation 111.2 +/-3.15 Hz (13/17 slices; t = 287 7.64, p < 0.001, two-sample t-test; Fig. 6b, d-e ). This is consistent with previous experiments 288 showing that transient light activation induces higher frequency oscillations than sustained Figure 5: Sustained photo-excitation of SST+ interneurons decreases the power and increases the frequency of Cch-induced gamma oscillations but can also induce high-frequency oscillations. a) Representative LFP recordings from CA3 area illustrating effect of SST+ interneurons photo-excitation (155 μW) on gamma oscillations along with b) its respective power spectrum (arrows indicate power spectrum peaks). c) Power-area normalised to baseline and d) peak frequency of the oscillation calculated in 0.5 second bins across experiments (n = 12). e) Average change in power-area during (On) and after light stimulation (Post (Off)) normalised to baseline (Pre (Off)). f) Average peak frequency; rmANOVA: F(1.05, 11.59) = 15.05, p = 0.002. g) Power-area change and h) frequency difference between light stimulation period and baseline plotted against light intensity (n = 12). i) Top: Representative LFP recording from CA3 area illustrating the induction of high-frequency oscillations in response to strong and sustained blue light illumination (5.5 mW). Bottom: Magnitude component of the wavelet transform normalised by its maximum value. j) Normalised power of Cch-oscillations during SST+ interneurons cell photo-activation (n = 31). k) Peak frequency of oscillations that were not abolished from strong light illumination (n remaining = 16/31: n = 4 at 5.5 mW and n = 12 at 2.2 mW); rmANOVA: F(1.03, 15.39) = 31.45, p < 0.001 . . Changes in peak frequency were analysed using rmANOVA, followed by post-hoc paired t-tests with correction for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. p >= 0.05. Solid brackets represent paired t-tests and standalone star symbols represent one-sample t-test versus normalised baseline. Grey lines represent single experiments, error bars and shaded area are SEM and coloured line the population average.
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The fast gamma oscillations that emerge during sustained photo-activation of SST+ interneurons 299 could reflect the intrinsic synchronisation of SST+ networks, but there are a number of possible 300 scenarios in which this stimulation paradigm could lead to the activation of other hippocampal 301 microcircuits involving network excitation. Depolarising GABA could contribute to recruitment of 302 postsynaptic targets, but perforated patch recordings from hippocampal cells in stratum pyramidale 303 (aCSF only) showed that they were hyperpolarized by light illumination ( Supplementary Fig. 5f-g) . 304 Alternatively, network excitation and oscillogenesis could emerge following depolarisation block of 305 SST+ interneurons, and subsequent disinhibition, but direct photo-inhibition of SST+ interneurons 306 was not able to generate de novo oscillations ( Supplementary Fig. 5a-b ). However, the power of the 307 light-induced oscillations was markedly reduced following block of either fast excitation or 308 inhibition, and whole cell recordings in putative principal cells indicated that they received weak 309 excitatory postsynaptic currents (EPSCs) throughout light illumination ( Supplementary Fig. 5c- Fig. 6j-bottom) . The RS and FS cells showed significantly 323 26 weaker modulation (Fig. 6j ), but did not appear to be suppressed as in the PV-ChR2 experiments, 324 and rather showed an insignificant trends towards both increased activity during step illumination Overall, this suggests that the dominant change in the network during the induction of fast gamma 333 oscillations is a robust increase in the spiking of SST+ interneurons. 334 To explore whether the recruitment of SST+ interneurons might differ between step and theta 335 stimulation, we analysed the maximum spike rates in the second half of the stimulation trials (20 336 ms bins). The maximum spike rates during theta stimulation were significantly higher than during 337 the step stimulation (Z=148, p<0.001, n=54; Wilcoxon signed rank test). As theta stimulation induced 338 faster gamma oscillations than step stimulation (see Fig. 6e ), this further suggests that the frequency 339 of fast gamma oscillations depends on the overall levels of SST+ interneuron excitation. 811 In order to characterise and analyse the oscillations, a hanning window was applied and the power 812 spectra were calculated as the normalised magnitude square of the FFT (Igor Pro). The 50 Hz and 813 100 Hz frequencies were not included in the analysis to exclude the mains noise and its harmonic 814 component. The oscillation amplitude was quantified firstly by measuring the peak of the power 815 spectrum termed as peak power and secondly by measuring the area below the power spectrum 816 plot in the gamma-band range (20 -100 Hz) termed as power-area. The peak frequency of the 817 oscillation was obtained by measuring the frequency at which the peak of the power spectrum 818 occurred in the gamma-band range. In order to quantify when Cch-induced oscillations where 819 abolished upon light stimulation and to exclude the peak frequencies of those oscillations from 820 further analysis one of the two criteria had to be met. Firstly, an auto-correlation of the oscillations 821 was computed and was fitted with a Gabor function ( ( ) = ( * (2 * * )) * − 822 2/ 2 * ). The first criterion was met if the resulting Gabor fit had a linear correlation 823 coefficient, r > 0.7 and product of √ * > 0.1 (> 0.15 for frequencies higher than 50 Hz). The 824 second criterion was a power-area bigger than 125 μV 2 in the range of +/-5 Hz of the peak 825 frequency. The power-area was always included in the analysis even if oscillations were abolished. 826 The power spectrum analysis for de novo oscillations was performed in the range of 52 -149 Hz 827 with the only criterion for oscillation presence being that the power-area in +/-5 Hz of the peak 828 frequency was larger than 40 μV 2 . Hilbert transforms were used to obtain instantaneous gamma 829 magnitude for sinusoidal modulation of gamma oscillations (band-pass filtered 20 -120 Hz). For algorithm. This clustering procedure is likely to be conservative, and underestimate the firing rate 852 of individual neurons, but was deemed sufficiently robust to detect any bias in optogenetic 853 recruitment. A single unit cluster was identified if it i) had less than 1.4 % of its total spike waveforms 854 within 2 ms of its refractory period and ii) consisted of more than 800 members. When a cluster did 855 not obey these criteria, it was merged with other clusters that had similar action potential 856 waveforms giving rise to a multi-unit cluster. 857 Clusters were identified as expressing ChR2 if the spike rate in the first 100 ms of the step stimulus 858 was 3 s.d. above the baseline spike rate. The remaining clusters were classified based on the the 859 delay between the negative and positive peaks in the average waveform as fast-spiking (<0.6 ms) or 
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